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Department of Biochemistry and Cell Biology, Stony Brook University, Stony Brook, New YorkABSTRACT Upon interaction with cholesterol, perfringolysin O (PFO) inserts into membranes and forms a rigid transmem-
brane (TM) b-barrel. PFO is believed to interact with liquid ordered lipid domains (lipid rafts). Because the origin of TM protein
affinity for rafts is poorly understood, we investigated PFO raft affinity in vesicles having coexisting ordered and disordered lipid
domains. Fluorescence resonance energy transfer (FRET) from PFO Trp to domain-localized acceptors indicated that PFO
generally has a raft affinity between that of LW peptide (low raft affinity) and cholera toxin B (high raft affinity) in vesicles
containing ordered domains rich in brain sphingomyelin or distearoylphosphatidylcholine. FRET also showed that ceramide,
which increases exposure of cholesterol to water and thus displaces it from rafts, does not displace PFO from ordered domains.
This can be explained by shielding of PFO-bound cholesterol from water. Finally, FRET showed that PFO affinity for ordered
domains was higher in its non-TM (prepore) form than in its TM form, demonstrating that the TM portion of PFO interacts
unfavorably with rafts. Microscopy studies in giant unilamellar vesicles confirmed that PFO exhibits intermediate raft affinity,
and showed that TM PFO (but not non-TM PFO) concentrated at the edges of liquid ordered domains. These studies suggest
that a combination of binding to raft-associating molecules and having a rigid TM structure that is unable to pack well in a highly
ordered lipid environment can control TM protein domain localization. To accommodate these constraints, raft-associated TM
proteins in cells may tend to locate within liquid disordered shells encapsulated within ordered domains.INTRODUCTIONPerfringolysin O (PFO) is a member of the cholesterol-
dependent cytolysin (CDC) family. CDCs are b-barrel
pore-forming toxins that require high concentrations of
cholesterol to insert into cell membranes (1). After PFO
binds to membrane cholesterol, it oligomerizes into a pre-
pore structure (composed of up to 50 monomers) and then
undergoes structural changes to form a rigid transmembrane
(TM) b-barrel (2). PFO and other CDCs are believed to
interact with lipid rafts, which are ordered membrane
domains composed primarily of sphingolipids and choles-
terol (3). Derivatives of PFO’s membrane binding domain
(domain 4), which does not form TM pores, have also
been shown to colocalize with lipid raft markers, and have
been found in detergent-resistant membranes (DRMs) that
may be derived from ordered state domains in cells (4–6).
In a recent study, the CDC listeriolysin O was also shown
to colocalize with lipid raft markers upon oligomerization
in cell membranes (7,8).
Relatively few studies have addressed the question of how
TM proteins interact with ordered membrane domains,
including raft-like lipid mixtures. In cells, attachment to a
raft-associating group (e.g., palmitate) appears to be impor-
tant (e.g., for LAT, HA hemagglutin, and HIV envelope
proteins) (9–14). It would be useful to investigate TM
protein-raft interactions in model membranes in which lipid
composition can be controlled. However, few such studies
have been carried out. Model membrane studies of TMSubmitted July 14, 2010, and accepted for publication September 16, 2010.
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ating protein LAT and modified with palmitates (16,17),
revealed a relatively modest association with ordered lipid
domains. In the case of an aquaporin, protein oligomeriza-
tion was identified as a mechanism that enhances raft
affinity in model membrane vesicles (18).
PFO is useful for detailed raft affinity studies because it
binds to a raft-associating molecule (cholesterol) and exists
in both TM and non-TM forms, allowing investigation of the
role played by its TM segments in raft affinity. Recent work
in model membranes has shown that PFO binds to mem-
branes and assembles into its TM form more readily in vesi-
cles containing loosely packing unsaturated lipids than it
does in vesicles with the same amount of cholesterol and
more tightly packing saturated lipids (19,20). This presum-
ably reflects the decreased ability of cholesterol to interact
with PFO when it is tightly packed with phospholipids. As
we noted previously (19), these properties only address
the likely site of PFO binding to membranes, not the
equilibrium location of PFO molecules once they are
membrane-bound, and they do not take into account the
higher concentration of cholesterol that is likely to be found
in ordered domains relative to that in disordered domains
when the two types of domains coexist in a single bilayer.
In this study, we measured the affinity of PFO for ordered
domains, including those rich in sphingomyelin (SM) and
cholesterol. We will refer to these ordered domains as rafts.
We used a novel (to our knowledge) fluorescence resonance
energy transfer (FRET) assay that employs both an acceptor
with a preferential affinity for Ld domains, and a second
acceptor with a preferential affinity for Lo domains. FRETdoi: 10.1016/j.bpj.2010.09.028
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albeit to a lesser degree than cholera toxin, and that the
formation of the TM b-barrel reduces raft affinity of PFO.
Microscopy results obtained with PFO bound to giant unila-
mellar vesicles (GUVs), although restricted to fewer lipid
compositions, confirmed FRET results and showed that
TM PFO, but not non-TM PFO, has a significant affinity
for the boundary between ordered and disordered domains.
Based on these results, we propose a model for how TM
proteins are able to associate with lipid rafts.MATERIALS AND METHODS
See the Supporting Material for the materials and methods used in this
work.RESULTS
Properties of PFO in bilayers with coexisting Lo
and Ld domains
To study the affinity of PFO for ordered lipid domains (which
will be called raft domains irrespective of whether they are Lo
state or gel state), we first had to define the conditions inwhich
the PFOmembrane inserts and forms the oligomeric TM state
in vesicles with coexisting raft and Ld domains. The fully
active C459APFOmutant, which is insensitive to inactivation
byoxidation,was used (21). For the FRETexperiments used in
this study (see below), it was important to ensure that the PFO
was fully bound to membranes. For the lipid combinations
investigated in this study, the use of 40 mol % cholesterol al-
lowed us to achieve complete binding ofC459APFO tomodel
membrane vesicles, as judged by the increase in Trp fluores-
cence upon interaction with sterol (22). Nearly complete
assembly of C459A PFO into pore-forming and SDS-resistant
oligomers—properties characteristic of normal b-barrel
formation by PFO—were also observed (data not shown).
We call the C459A protein in this state TM PFO. In other
experiments, the prepore mutant, which contains the addi-
tional Y181A mutation, was used. This protein binds to
membranes as well as TM PFO, but does not form the TM
b-barrel or induce pore formation (19). When it is
membrane-bound, we refer to this protein as non-TM PFO.TABLE 1 F/Fo ratios for vesicles with binary (DMoPC/CHOL 6:4) and
cholera toxin B subunit (CT-B), TM PFO or Non-TM PFO, and FRET
FRET acceptor Lipid mixture (mol:mol) LW peptide
Pyrene-DOPE DSPC/DMoPC/CHOL (3:3:4) 0.065 0.002
Pyrene-DOPE DMoPC/CHOL (6:4) 0.165 0.005
LcTMADPH DSPC/DMoPC/CHOL (3:3:4) 0.595 0.02
LcTMADPH DMoPC/CHOL (6:4) 0.275 0.01
F/Fo is the ratio of fluorescence in the presence of acceptor to that in its absence.
F/Fo and standard deviation obtained from three separate samples in one experim
(~20%) that were identical in all samples with the same acceptor.
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FRET from PFOTrp (donor) to acceptor molecules incorpo-
rated into the model membrane vesicles was measured to
evaluate PFO association with rafts. Two acceptors were
used: 1), pyrene-DOPE, a lipid that has unsaturated acyl
chains and partitions favorably into Ld domains (see below);
and 2), LcTMADPH, a derivative of diphenylhexatriene
attached to a trimethyl-amino-terminated C22:0 hydro-
carbon chain. The latter has a high affinity for ordered
domains (23–25). An example of raw FRET data is shown
in Table 1. FRET was measured in vesicles composed of
a 3:3:4 mixture of distearoylphosphatidylcholine (DSPC, a
saturated lipid that tends to form ordered domains), dimyr-
istoleoylphosphatidylcholine (DMoPC, an unsaturated lipid
that tends to form Ld domains), and cholesterol (Table 1,
rows 2 and 4), and in vesicles composed of a 6:4 mixture
of DMoPC and cholesterol (Table 1, rows 3 and 5), which
should form a homogeneous disordered state. The vesicles
also contained (F samples) or lacked (Fo samples) FRET
acceptors. F/Fo, the fraction of fluorescence that is un-
quenched due to FRET, was then calculated as [% FRET ¼
(1 F/Fo) 100%]. F/Fo is dependent on the local acceptor
concentration, and in vesicles with coexisting ordered and
disordered domains it should be lowest (i.e., FRET strongest)
when the donor and acceptor are in the same domains (see
Fig. S1).
To calibrate FRET, we used LW peptide, a TM-helix type
peptide previously shown to have a high affinity for Ld
domains (15), and cholera toxin-B (CT-B), a protein that
binds to the raft-associating lipid ganglioside GM1 and
has a very high affinity for Lo domains (for review, see
Lencer and Saslowsky (26)). (Samples with CT-B also con-
tained 2 mol % GM1, which did not affect domain forma-
tion; see Supporting Material.) For LW peptide, the FRET
to pyrene-DOPE in DMoPC/cholesterol vesicles was less
than that in DSPC/DMoPC/cholesterol vesicles, consistent
with the preferential location of both LW peptide (15) and
DOPE-pyrene (see below) in disordered domains. In
contrast, the FRET to DOPE-pyrene was less for CT-B in
DSPC/DMoPC/cholesterol vesicles than in DMoPC/choles-
terol vesicles, consistent with the strong affinity of CT-B for
ordered domains. The opposite FRET patterns were
observed for FRET from LW peptide and CT-B toternary (DSPC/DMoPC/CHOL 3:3:4) lipidmixtures, LW peptide,
acceptors pyrene-DOPE or LcTMADPH
CT-B TM PFO Non-TM PFO
0.625 0.03 0.295 0.01 0.415 0.04
0.515 0.02 0.285 0.005 0.325 0.01
0.515 0.02 0.495 0.02 0.395 0.03
0.545 0.015 0.235 0.005 0.195 0.01
Experiments were carried out at room temperature. Values show the average
ent. FRET data were not corrected for acceptor-induced inner filter effects
PFO Interaction with Lipid Rafts 3257LcTMADPH. Similar patterns were observed in other lipid
mixtures (Table S1, Table S2, and Table S3). Thus, FRET
can distinguish between proteins/polypeptides with weak
or strong affinities for raft domains.
Notice that Table 1 shows that the absolute level of
quenching of CT-B fluorescence due to FRETwas generally
less than that for the other proteins/polypeptides studied.
This is because CT-B is a peripheral membrane protein
and thus has Trp located some distance outside of the lipid
bilayer.
To evaluate raft association most unambiguously, we
normalized fluorescence data from vesicles with coexisting
raft and Ld domains to those from vesicles with homoge-
neous Ld domains, and then combined the data from
vesicles with the two different acceptors to calculate an
overall measure of raft association, the raft index (see
Materials and Methods). This index is high when a protein
is raft-associated and low when it is not (see Discussion).
The behavior of LW peptide and CT-B was studied in
vesicles composed of four different lipid mixtures having a
tendency to form coexisting ordered and disordered
domains: SM/dioleoylphosphatidylcholine (DOPC)/choles-
terol, SM/ceramide/DOPC/cholesterol, DSPC/DOPC/
cholesterol, and DSPC/DMoPC/cholesterol (Table S1,
Table S2, and Table S3). The ordered domains will be
rich in SM, ceramide, and/or DSPC, whereas the disordered
domains will be rich in DOPC or DMoPC (25,27–30). In
all cases, the index was high for CT-B and low for LW
peptide, as expected (Table 2). However, the difference
between the raft index values for CT and LW peptides
varied, being smallest in SM/DOPC/cholesterol and great-
est in DSPC/DMoPC/cholesterol. Furthermore, it exhibited
a symmetric and reciprocal change versus lipid composi-
tion, such that when the raft index decreased for LW
peptide it increased for CT. This could reflect a lipid com-
position dependence on protein partitioning between
raft and nonraft domains, on whether the domain size is
large relative to FRET Ro, or on the partitioning of
FRET acceptors between ordered and Ld domains. The
latter factor appears to be important in at least some cases
(see below).TABLE 2 Raft index values for proteins in different lipid mixtures
Lipid mixture (mol:mole) LW peptide
SM/DOPC/CHOL (3:3:4) 0.545 0.15
SM/CER/DOPC/CHOL (1.5:1.5:3:4) 0.465 0.06
DSPC/DOPC/CHOL (3:3:4) 0.395 0.05
DSPC/DMoPC/CHOL (3:3:4) 0.255 0.02
Raft index values are high for a protein in raft domains and low for a protein in Ld
experiments, with each experiment having triplicate samples. p-Values are <0.0
PFO in DSPC/DMoPC/CHOL, indicating intermediate raft affinity. The differenc
indicating very low affinity of PFO for rafts, and differences between CT-B and
indicating very high affinity of PFO for rafts. p-Values were <0.05 for difference
DSPC/DMoPC/CHOL, indicating higher raft affinity for non-TM PFO.FRET assay of PFO association with rafts: effect
of lipid composition and formation of a TM barrel
The raft index was then measured both for TM and non-TM
PFO. Because of the above-noted dependence of raft index
values for the LW peptide and CT-B standards on lipid
composition, the most useful parameter was whether the
raft index for PFO was closest to that of LW peptide or
that of CT-B. In SM/DOPC/cholesterol the raft index of
TM PFO was between that of LW peptide and CT-B,
whereas that of non-TM PFO was almost the same as that
of CT-B. This indicates that PFO has a significant level of
raft association, with the raft association of non-TM PFO
approaching that of CT-B. In SM/ceramide/DOPC/choles-
terol, the raft index for both TM and non-TM PFO was close
to that of CT-B. In contrast, in DSPC/DOPC/cholesterol
the raft index for TM PFO and non-TM PFO was close to
that of LW peptide. Intermediate raft index values were
observed for both TM and non-TM PFO in DSPC/
DMoPC/cholesterol. Overall, these values indicate that
under most conditions PFO has a significant affinity for
rafts, but that partitioning between ordered and disordered
domains is strongly dependent on lipid composition. It
should be noted that some of these differences may reflect
lipid composition-dependent changes in the ordered domain
affinity of CT and/or LW peptide.
It is also important that in the lipid mixtures studied, the
raft index for PFO in its TM form was consistently less than
that for PFO in its non-TM form. This means that the TM
barrel decreases the affinity of PFO for ordered domains
(see Discussion). The observation that non-TM PFO is at
least partially associated with rafts also confirms that
cholesterol binding, the only interaction known to hold
non-TM PFO in membranes, must contribute significantly
to PFO raft association.
It is also interesting that PFO had a high level of raft asso-
ciation in vesicles containing ceramide. Ceramide has been
shown to displace cholesterol from ordered domains, form-
ing ceramide-rich domains with SM (25,28,31–33). If
cholesterol binding to PFO imparts the affinity of PFO for
ordered domains, one might expect PFO to be displaced
from ordered domains by ceramide. However, the lack ofCT-B TM PFO Non-TM PFO
0.985 0.61 0.725 0.13 0.995 0.23
1.065 0.42 0.805 0.24 0.905 0.19
1.095 0.42 0.365 0.10 0.445 0.14
1.465 0.47 0.455 0.08 0.675 0.18
domains. Average values were obtained by combining three separate FRET
5 for the differences between LW peptide and PFO, and between CT-B and
es between LW peptide and PFO are not significant in DSPC/DOPC/CHOL,
PFO are not significant in SM/DOPC/CHOL and SM/CER/DOPC/CHOL,
s between TM and non-TM PFO raft indices in both SM/DOPC/CHOL and
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ramide can be explained in terms of the umbrella model
of cholesterol-lipid interaction (34) if the difference in expo-
sure of free cholesterol and PFO-bound cholesterol to
aqueous solution is considered (see Discussion).FIGURE 1 Sucrose gradient fractionation of TM PFO after treatment of
vesicles with TX-100. (A) SM/DOPC/CHOL. (B) SM/CER/DOPC/CHOL.
(C) DSPC/DOPC/CHOL. (D) DSPC/DMoPC/CHOL. Both PFO (solid
squares, solid line) and control samples (open squares, dashed line) con-
tained 3 mg PFO, a fraction of which was labeled with BODIPY. PFO
samples were incubated at room temperature (23C) with ternary lipid
mixtures before solubilization at room temperature. Control samples were
incubated at room temperature with binary lipid mixtures DOPC/CHOL
(A–C) or DMoPC/CHOL (D), solubilized with TX-100, and then ternary
lipid mixtures were added post-solubilization. The Y axis shows the
percentage of total BODIPY fluorescence in each fraction.Partitioning of PFO into Lo and Ld domains
as assayed by DRM association
As a second method to investigate the distribution of PFO
between ordered and disordered domains, we measured
the association of PFO with DRMs. Although it has been
suggested that DRMs can be induced by the addition of
Triton X-100 (TX-100) in certain lipid mixtures that lack
preexisting ordered and disordered domains (35,36), many
studies have shown that when there are preexisting Lo and
Ld domains, the Lo domains are detergent-resistant and
the Ld domains dissolve in detergents (37,38). To confirm
that detergent resistance reflected the composition of
ordered and disordered domains, we first analyzed the distri-
bution of lipids and fluorescent probes between detergent-
resistant and detergent-soluble fractions (Fig. S2 and Table
S4). As shown in Fig. S2 A, in SM/DOPC/cholesterol the
DRM fractions (fractions 1–4) had a high ratio of SM and
cholesterol to DOPC, whereas the reverse was true in the
solubilized fractions (fractions 5–6). This indicates that, as
expected, DRM and the ordered domains from which they
were derived were rich in sphingolipids and cholesterol,
and relatively depleted in DOPC. In vesicles composed of
SM/ceramide/DOPC/cholesterol (Fig. S2 B), the DRMs
were again enriched in sphingolipids (both SM and ceram-
ide) relative to DOPC. However, cholesterol was now
located in the solubilized fractions, consistent with previous
studies showing that ceramide displaces cholesterol from
ordered domains (25,32,33). Analogous experiments were
not carried out for DSPC/DOPC/chol or DSPC/DMoPC/
chol, due to the unavailability of radiolabeled DSPC and
DMoPC.
Next, the amount of acceptor molecules in DRM was
measured (Fig. S3). There was a consistently lower level
of pyrene-DOPE in DRM relative to LcTMADPH. The
difference between pyrene-DOPE and LcTMADPH in
DRM was smallest in the case of SM/DOPC/cholesterol
and largest in DSPC/DMoPC/cholesterol (Table S5). This
mimics the difference between LW peptide and CT-B raft
index in these lipid mixtures. Combined, these results indi-
cate that the DRM fractions in our samples arise from
ordered domains, and strongly suggest that differences in
acceptor partition between ordered and Ld domains
contribute significantly to differences in the sensitivity of
the raft index in different lipid mixtures.
We then used DRM analysis to assay PFO association
with ordered domains in model membrane vesicles. PFO
was incorporated into vesicles composed of the same
ternary mixtures used for FRET, and then the amount ofBiophysical Journal 99(10) 3255–3263PFO associated with DRM after solubilization of vesicles
with TX-100 was measured. To detect PFO while avoiding
interference with measurement of Trp fluorescence from
TX-100 fluorescence, we measured the BODIPY fluores-
cence of samples containing BODIPY-labeled PFO.
In vesicles composed of SM/DOPC/cholesterol or SM/ce-
ramide/DOPC/cholesterol, almost all of TM PFO associated
with DRM (Fig. 1, A and B, solid line, solid squares). This is
consistent with the FRET data showing a strong raft affinity,
including the data showing that despite the displacement of
cholesterol by ceramide, TM PFO is not displaced from rafts
by ceramide. To rule out artifactual binding of PFO to DRM
occurring after solubilization, we prepared a control in
which PFO was incorporated into DOPC/cholesterol vesi-
cles, solubilized by TX-100, and then mixed with vesicles
composed of SM/DOPC/cholesterol or SM/ceramide/
DOPC/cholesterol before sucrose gradient fractionation.
These samples did not show strong PFO association with
DRM (Fig. 1, A and B, dashed line, open squares). In
addition, PFO association with DRM was maintained
when PFO was incorporated into the SM/DOPC/cholesterol
vesicles to which protein-free (3:2) DOPC/cholesterol was
added before solubilization (data not shown).
TM PFO association with DRM was also observed in
vesicles composed of DSPC/DOPC/cholesterol and DSPC/
DMoPC/cholesterol (Fig. 1, C and D). However, the control
experiments showed that in these lipid mixtures there was
a substantial transfer of PFO incorporated into Ld domains
PFO Interaction with Lipid Rafts 3259into DRMs after solubilization, which makes it difficult to
interpret DRM association in these cases. The origin of
the unusual ability of PFO to transfer into DRM after solu-
bilization is considered in the Discussion.FIGURE 2 Fluorescence imaging of TM and non-TM PFO binding to
GUVs. (A and B) Three-dimensional reconstructions of a typical 1:1 egg
SM/DMoPC with 37% cholesterol GUV after TM PFO binding. The red
channel (A) shows the fluorescence signal originating from the Ld marker
Rhodamine-DPPE (Rh-DPPE). The dark portion of the bilayer is a Lo
domain largely devoid of Rh-DPPE. The green channel (B) shows the signal
from BODIPY-labeled TM PFO, which largely accumulates at the Ld/Lo
boundary. (C) Confocal image of the equatorial plane of a typical eSM-
containing GUV after TM PFO binding. (D and E) Three-dimensional
reconstruction of a typical eSM-containing GUV after non-TM PFO
binding. The red channel (D) shows Rh-DPPE, and the green channel (B)
shows labeled non-TM PFO. (F) Confocal image of the equatorial plane
of a typical eSM-containing GUV after non-TM PFO binding. Note that
the domains containing the most PFO can vary, and that background inten-
sities have been adjusted to enhance contrast between domains. All scale
bars are 10 mm. (G) Protein partition calculated from image intensity anal-
ysis (see Materials and Methods) for fluorescent TM PFO and non-TM PFO
in both eSM and DSPC-containing GUVS. The value for Rh-DPPE in
eSM-containing GUVs is also reported as reference. Error bars show stan-
dard deviation (TM PFO in eSM-containing GUVs n¼ 21, non-TM PFO in
eSM-containing GUVs n ¼ 51, TM PFO in DSPC-containing GUVs n ¼ 5,
non-TM PFO in DSPC GUVs n ¼ 5, Rh-DPPE n ¼ 27). K(Lo/Ld) equals
the ratio of fluorescence intensity in Lo domain divided by that in Ld
domains, not counting protein at domain boundaries. The < symbol means
that the actual K-value is below our sensitivity for these specific samples
(~0.15). All microscopy experiments were carried out at room temperature.PFO association with Lo and Ld domains
measured in GUVs
Microscopy studies of PFO location relative to ordered
domains were undertaken using GUVs. No large domains
were observed at 40 mol % cholesterol for any of the lipid
mixtures used for the FRET studies. However, we found
that decreasing the cholesterol amount from 40 mol % to
37 mol % and substituting DOPC with DMoPC allowed
us in some cases to obtain vesicles that displayed large co-
existing Lo and Ld domains that were readily detectable
by microscopy. In the presence of ceramide (either from
brain tissue or synthetic C18:0), we were not successful in
finding a lipid mixture that could be comparable to those
used for the FRET studies and at the same time yield observ-
able domains. It is also worth noting that vesicles containing
<40% cholesterol could not be used for FRET experiments,
because at this cholesterol concentration there is incomplete
PFO binding to membranes; however, this does not interfere
with microscopy experiments. Therefore, we were able to
monitor protein binding to the bilayer by using GUVs
composed of a mixture of 1), 1:1 egg SM/DMoPC with
37 mol % cholesterol (eSM-containing GUVs); or 2), 1:1
DSPC/DMoPC with 37 mol % cholesterol (DSPC-contain-
ing GUVs).
As illustrated in Fig. 2, A and B, TM PFO frequently
concentrated at the boundary between Lo and Ld domains,
as well as within the interior of both Lo and Ld domains
in eSM-containing GUVs (see, e.g., Fig. 2 C). Fig. 2, D–F,
illustrate that non-TM PFO was not observed to concentrate
at Lo/Ld boundaries. Like TM PFO, non-TM PFO was
found in both Lo and Ld domains. Using DSPC-containing
GUVs, we observed consistently weaker binding to the Lo
phase for both protein forms. Also, no apparent concentra-
tion at the domain edges could be detected (data not shown).
As quantified in Fig. 2 G, the fluorescence intensities
suggest that both TM and non-TM PFO have more-or-less
equal affinities for raft and Ld domains in eSM-containing
GUVs, if the PFO at domain boundaries is omitted. Of
interest, in DSPC-containing GUVs the protein partition
in the Lo phase was always lower than our sensitivity
(K (Lo/Ld) % 0.15 for these samples).DISCUSSION
PFO raft affinity
In this study we analyzed the association of PFO by using
three diverse techniques: FRET, microscopy, and detergent
resistance. The results from all three methods confirm that
PFO has some affinity for ordered domains, and indicatethat the affinity of PFO for ordered domains is higher
when the ordered domains contain SM than when they
contain DSPC. On the other hand, the manner in which
TM PFO at the edges of ordered domains is detected by
the three methods is somewhat different. If TM PFO at
ordered domains edges in SM-containing mixtures meansBiophysical Journal 99(10) 3255–3263
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(see below), then its local lipid environment would be much
like that of a protein in an Ld domain, and overall TM PFO
would have a more Ld-like local lipid environment than
non-TM PFO. This is in good agreement with FRET. In
addition, PFO bound to the edge of ordered domains would
appear to have a very high raft affinity, as assayed by DRM
association, if it remains bound at the edge of the domains
after detergent solubilization, in good agreement with the
conclusions of the DRM experiments. Thus, all three
methods appear to be in excellent overall agreement, and
any differences between the results obtained with the
different methods arise the fact that they measure slightly
different aspects of association between protein and ordered
domains.FIGURE 3 Schematic illustration of how TM proteins may associate
with rafts. Potential locations of TM proteins in membranes with coexisting
raft and nonraft domains: (A) Ld shell embedded in the Lo domain, (B) Lo
domain or Lo nanodomain, (C) boundary between Lo and Ld domains, and
(D) Ld domain or Ld nanodomain . By microscopy, location in a nanodo-
main or shell of one type would appear as localization in domains of the
opposite type (such as in example A).Implications of PFO behavior for control
of TM protein raft affinity
In the lipid mixtures examined, the FRET results indicated
that the non-TM form of PFO consistently exhibited a higher
degree of association with rafts than did TM PFO. Because
TM and non-TM PFO require nearly identical amounts of
sterol for membrane insertion and assembly, and interact
with sterols with identical sterol structure specificities (19),
the apparent difference in their raft affinitymust be attributed
to the presence of the TM barrel. In agreement with this
conclusion, it has been reported that the isolated choles-
terol-binding domain of PFOhas the same affinity for choles-
terol-rich membranes as the entire PFO molecule (4).
This raises the question, how do TM segments affect
association with rafts? Association of TM segments with
ordered domains should be disfavored by the fact that the
lipid-facing surface formed by the amino acid side chains
should not pack well with ordered state lipids (15). In other
words, in rafts van der Waals interactions between TM
segments and lipid should not be as favorable as lipid-lipid
interactions. This should be less important in disordered
domains, in which lipid-lipid packing is looser. However,
the interaction of TM segments with Ld domains might be
disfavored by transient hydrophobic mismatch arising
from larger undulations of bilayer width in Ld domains.
This is possible even in the absence of a net hydrophobic
mismatch between the TM segment length and the lipid
bilayer width. Transient mismatch would result in an unfa-
vorable exposure of hydrophobic protein surfaces, or unfa-
vorable stretching or compressing of the bilayer to prevent
mismatch. Since the TM segments of PFO decrease interac-
tion with Lo domains, PFO packing appears to be the more
important factor. Of course, a net hydrophobic mismatch
could be another factor that affects raft affinity because
liquid ordered domains tend to be wider/thicker than liquid
disordered domains (39).
The observation that TM PFO tends to locate at domain
boundaries in eSM GUVs has important implications. ThisBiophysical Journal 99(10) 3255–3263should allow at least some PFO-bound cholesterol to
interact with the ordered domains while the TM barrel
remains embedded in Ld domains (Fig. 3 C). In cells, where
domains may exist as nanodomains (40), PFO could have
a very strong preference to locate with its TM barrel sur-
rounded by an Ld nanodomain embedded within Lo
domains. If the nanodomain were so small as to be a shell
of Ld lipids, this arrangement would provide a favorable
environment for the TM barrel while also allowing a
maximum number of favorable interactions between PFO-
bound cholesterol molecules and the surrounding ordered
domain (Fig. 3 A). It is also important to note that Ld nano-
domains might differ from larger Ld domains in terms of
bilayer width due to lipid accommodation with surrounding
Lo domains. For proteins with a hydrophobic length closer
to that of Lo domains than Ld domains, this could be an
additional factor favoring association with Ld nanodomains
relative to large Ld domains. In cases in which sparse Lo
nanodomains are present within a continuous Ld domain,
PFO could be highly concentrated at the edge of the Lo
nanodomains. We cannot rule out the possibility that PFO
located within Lo domains, as judged by microscopy, is in
fact embedded in Ld nanodomains that have formed within
large Lo domains (or vice versa). PFO might even induce
the formation of such nanodomains.Effect of lipid composition on PFO raft
association
PFO association with lipid rafts had a significant depen-
dence upon lipid composition. In other words, just because
a protein is more highly raft- than non-raft-associated in one
lipid mixture does not mean it will be so in all lipid mix-
tures. A dependence of raft affinity on lipid composition
has also been seen for other raft-associating proteins (41).
This raises the interesting possibility that TM protein raft
affinity can potentially be regulated by changes in lipid
PFO Interaction with Lipid Rafts 3261composition in the different organelles encountered in
trafficking events during biosynthesis and endocytosis.
It is also important to point out that although PFO inter-
action with cholesterol is a key factor in its raft association,
PFO association with rafts did not simply parallel the
amount of cholesterol in ordered domains. This is shown
by the observation that its raft association was high in
both SM/DOPC/cholesterol, where cholesterol concentra-
tions in the ordered domains is high, and SM/ceramide/
DOPC/cholesterol, where cholesterol concentrations in the
ordered domains are low. The low cholesterol concentration
in ordered domains in the latter case is due to the fact that
although both ceramide and cholesterol have small polar
headgroups and prefer locations underneath the headgroups
of phospholipids, which minimizes exposure to aqueous
solvent in accordance with the umbrella model (34), ceram-
ide outcompetes cholesterol for such locations in ordered
domains (25,28,32,33). However, the behavior of PFO-
bound cholesterol should not be the same as that of free
cholesterol. Because PFO binding to cholesterol involves
an interaction with the cholesterol 3 b OH group, PFO-
bound cholesterol should be largely shielded from contact
with the bulk aqueous solution. That is, PFO acts as the
umbrella for PFO-bound cholesterol, and thus PFO-bound
cholesterol is not in competition with ceramide for umbrella
sites in the bulk lipid environment.
The observation that PFO binds sterols with a wide
variety of ring structures (19) strongly suggests that much
of the hydrophobic surface of bound sterols remains
exposed to the lipid bilayer and could still engage in tight
packing interactions (i.e., make favorable van der Waals
contacts) with other ordered domain lipids. Thus, both
free and PFO-bound cholesterol raft affinity could be
affected in a similar fashion when the ability of cholesterol
to associate with ordered domains is controlled by the
relative strength of acyl chain-sterol versus acyl chain-acyl
chain interactions within the hydrophobic core of the
bilayer. This might partly explain the lower raft index and
K(Lo/Ld) in DSPC-containing mixtures (which contained
lower amounts of cholesterol in DRM (data not shown))
relative to those in the SM-containing mixtures.FRET assay of PFO association with rafts
FRET is a powerful method for assessing TM protein raft
affinity. However, FRET is sensitive to spatial variables
that differ from protein to protein, including the difference
between Trp membrane depth and that of the acceptor
groups, and the closest sterically allowed lateral approach
between Trp and acceptor. To adjust for this, FRET effi-
ciency in mixtures containing coexisting ordered and disor-
dered domains must be normalized to that in a homogeneous
bilayer. In addition, environment-sensitive factors can result
in different FRET efficiencies in ordered versus disordered
domains, including differences in Trp fluorescence lifetimeor protein clustering in different lipid phases. To help cancel
out these effects, we combine FRET data for two different
acceptors: one that tends to locate in Ld domains, and one
that tends to locate in Lo domains. This also amplifies
FRET sensitivity. FRET also can be affected by the lipid-
dependence of acceptor affinity for ordered domains and
the fraction of the membrane in ordered domains. To
circumvent these issues, a comparison of FRET results
with those for two standard proteins/polypeptides—one
with high affinity for ordered domains, and one with high
affinity for disordered domains—is useful. FRET can also
be affected by domain size within any given lipid composi-
tion, which is another reason why it is important to only
compare relative amounts of FRET to standard proteins in
a single lipid mixture. Finally, it should be noted that the
protocol we used cannot prove that the bilayers contained
Ld and Lo domains before the protein was incorporated.
Using a FRET protocol involving only lipid probes (NBD-
DPPE and rhodamine-DOPE) (42), we observed segregation
of lipids into domains in the absence of protein in DSPC/
DOPC/CHOL and DSPC/DMoPC/CHOL samples with
40 mol % cholesterol, but only at much lower cholesterol
concentrations in SM/DOPC/CHOL samples (data not
shown). In this latter mixture, in the absence of protein, rafts
may not form or may be too small to detect by FRET.Origin of PFO transfer to DRM after detergent
treatment
Interpretation of DRM association can also be complicated.
We found that transfer of PFO to DRMs after detergent
solubilization required appropriate controls. This type of
transfer does not occur for all membrane proteins (43).
We suspect that this transfer may arise from the affinity of
TM PFO for the edge of ordered domains. DRMs are a
mixture of planar and vesicular membranes (44), and the
affinity of PFO for the edge of ordered domains means
that after DRM formation, solubilized PFO might stick to
the edge of planar DRMs, which contain an ordered bilayer
(45) presumably bounded by a layer of detergent.
A strong DRM association was also found for the non-
TM prepore mutant of PFO (not shown). However, controls
showed that DRM association occurred even when non-TM
PFO inserted into vesicles lacking ordered domains was
mixed with vesicles containing ordered domains before
detergent addition. The underlying problem appears to be
detergent stripping of cholesterol from non-TM PFO
accompanied by PFO dissociation from vesicles (data not
shown). The dissociated PFO can then rebind to choles-
terol-rich DRM.SUPPORTING MATERIAL
Methods and materials, five tables, and three figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(10)01175-6.Biophysical Journal 99(10) 3255–3263
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